The effect of the volume fraction of second-phase particles on the distribution of damaged particles and its relation to the tensile deformation behavior were investigated in the particle reinforced metal-matrix composites, Al-SiC. The spatial distributions of all SiC particles and the delaminated SiC particles were evaluated from their two-dimensional local number (LN2D). During tensile deformation, larger SiC particles in more highly clustered regions were more easily delaminated at the particle/matrix interface. The amount of particle delamination in the more highly clustered region increased with increasing volume fraction and strain during tensile deformation. A model was developed to explain the flow behavior of the composites; this showed a good fit to the experimental results in the presence of particle damage, especially when the spatial distribution of damaged particles was taken into consideration.
Introduction
Metal matrix composites with Al matrices have a number of advantages. Two processes control the flow behavior of such particle-reinforced metal matrix composites. First, the transfer of load from the matrix to the elastic particles results in an increase in flow stress and strain hardening to values above those of the matrix alone. Secondly, the deformation behavior is always associated with the development of damage to the second-phase particles. The latter is a complex phenomenon that is strongly dependent on the microstructural characteristics. Recent studies on the effects of damage on the flow behavior of composites have concentrated on various damage mechanisms: these include particle fracture; [1] [2] [3] particle/matrix delamination; 4, 5) void nucleation, growth and coalescence; [6] [7] [8] [9] and stress and strain release 10) of the particles and their surrounding matrix.
A simple rule of mixture is a useful way to consider the overall flow stress of the composite. In general, the flow behavior during tensile deformation at a given strain can be considered as a combination of the particle damage, its evolution, and the corresponding strain-hardening behavior. 11) This important point is confirmed in the present work.
During the past few years, the aim of most experimental and numerical studies [12] [13] [14] [15] [16] [17] [18] [19] [20] has been to elucidate the effects of the morphological properties of the second-phase particles, such as the volume fraction, size, shape, orientation, and spatial distribution, on the deformation and damage behavior of alloys and composites. Furthermore, it is important to stress that nucleation sites and the growth of the microcracks are not uniformly distributed, and therefore behaviors cannot be represented solely in terms of the initial global parameters of the composites. Oki et al. 21) investigated the effect of the spatial distribution of titanium carbide particles (TiC p ) on the tensile deformation of a Ti-TiC p composite. They found that the fracture of particles occurred more easily in regions of denser particle clustering and for larger particle sizes. Li et al. 22) also found that damage was sensitive to various microstructural variables. Thomason 23) and Lassance et al. 24) demonstrated that, for the same volume fraction of voids, the ductility was probably controlled by the void sizes and the relative void spacing.
In the present study, we focused systematically on the damage behavior of Al-SiC composites reinforced with various volume fractions of the second-phase particles. A two-dimensional local number (LN2D) is introduced as a clustering parameter that quantitatively determines the distribution of delaminated particle during tensile deformation. Subsequently, a new simplified model based on stress relief by particle damage is established for considering the effects of particle damage during the deformation process. On the basis of this analysis, the flow and strain-hardening behavior of the Al-SiC composite are associated with the damage and damage accumulation behavior by means of a simple rule of mixture. Results from this model agree well with the experimental results.
Experimental Procedure

Material preparation
Pure aluminum powder, containing Cu, Fe, and Si as impurity, reinforced with 0-20 vol% of SiC particles were used throughout the investigation. The average particle sizes were about 1 mm and 3 mm for the Al matrix and about 2-3 mm for the SiC reinforcement. The chemical compositions of the matrix and the reinforcement are listed in Table 1 . Clustering of the particles in the composite was controlled by optimizing the relative particle-size ratio (RPS ratio), 12) which is defined as the ratio between the average powder particle size of the matrix and that of the reinforcement. 
EXPRESS REGULAR ARTICLE
Previous studies 12, 13) have shown that optimization of the PRS ratio can give a more homogeneous distribution of the reinforcement particles, leading to an improvement in the mechanical properties of the composites. The details of the five prepared samples are listed in Table 2 . For all the samples, the various Al powders and SiC powders were mixed in ethanol for 60 min with ultrasonication, and then wet blended for 24 h by using a blending machine to ensure a random distribution of the particles.
The mixed powders were consolidated by spark sintering 25) in a vacuum at a pressure below 1:33 Â 10 À5 Pa to limit oxidation of the composite. The details of the sintering conditions are listed in Table 3 . Before mechanical testing, the density of each sintered sample was determined by means of Archimedes' principle. The relative density of each specimen was calculated to be 99.0-99.2% by comparing the measured density with the theoretical density, as shown in Table 2 .
For tensile testing, cylindrical samples with a gauge length of 20 mm and a diameter of 8 mm were machined from the rectangular sintered samples (15 Â 15 Â 65 mm 3 ). The basic mechanical properties [flow stress, ultimate tensile strength (UTS), and elongation] were measured at room temperature and a constant crosshead speed of 2:0 Â 10 À3 s À1 by using a tensile-testing machine. The initial sintered samples and the unloaded samples subjected to tensile deformation were cut in the longitudinal direction and metallographic samples were prepared. Microstructural parameters, such as the particle spatial distribution, particle size, number fraction (NF) of damaged particles, and the interfacial delamination between the matrix and the reinforcement, were determined by scanning electron microscopy (SEM) in combination with an image-processing system.
Definition of the two-dimensional local number
The two-dimensional local number (LN2D) is defined as the number of centers of gravity (GCs) of second-phase particles within a circle centered at the GC of a particular particle on a cut plane.
26) The radius of the measuring circle was determined so that the number density in a circle containing the GCs of seven particles corresponded to the number density of all particles in two-dimensions. The measuring radius, R 2D , is represented by
where A is the number density of all particles. In this window area, the probability that LN equals 7 is 1 and the probability of any other value is 0 when GCs of second-phase particles have a hexagonal close arrangement of points, one of the special ordering arrangements. When GCs of second-phase particles have a uniform random arrangement in two dimensions, the relative frequency distribution of LN2D exhibits the modified Poisson distribution for a random point field, and the probability for the LN2D is expressed by
The average and variance of this expected distribution are 8 and 7, respectively. On the base of this definition, an LN of 8 corresponds to the number density of all particles, when the spatial distribution is uniform random.
The average and variance of LN2D were used to evaluate the spatial distribution randomness of SiC particles. The LN2D is regarded as a characteristic of a particular particle, like its size, shape factor, etc.
Quantitative characterization of microstructure
In this study, the microstructure of the composite, as determined by SEM, was transformed into a black-and-white image. Computer software developed by us was then used to measure the LN2D. The measurement of the LN2D was carried out in two steps. In the first step, GCs of all the SiC particles on the image were identified and the overall number density, A , was determined. The measuring radius, R 2D , was calculated from eq. (1). In the second step, measuring circles with a radius of R 2D were defined for all the GCs, and the GCs present within each measuring circle were counted. It was necessary to examine more than 2000 particles to obtain reliable values of the average and variance of LN2D, as demonstrated in an earlier paper. 27) 3. Results
Microstructures
The microstructures of sintered composites reinforced with various volume fractions of SiC particles in an Al matrix are shown in Figs. 1(a) to (d). As can be seen through examination of the microstructures at higher magnifications, the sintered material exhibits very small voids, caused by sintering defects, at the interfaces between the particles and the matrix. The reinforcing particles in each composite seem to be isolated from each other, and their distribution is relatively uniform.
The cumulative relative frequency (CRF) of LN2D for the four reinforced samples is presented in Fig. 2 , along with the theoretical probability distribution for a uniform-random arrangement as predicted by eq. (2). The average of LN2D (LN2D av ) and the variance of LN2D (LN2D var = LN2D std 2 , where LN2D std is the standard deviation of LN2D), are shown in Table 4 .
All the curves in the figure are close to the expected probability distribution, and LN2D av varies in the small range from 7.89 to 8.21 with increasing reinforcement volume fraction. These results suggest that the four reinforced samples with the same RPS ratio but different volume fractions of particles have almost the same spatial distribution.
It is shown, however, in Table 4 that the variances, LN2D var , are much smaller than the value of 7 for a random point field predicted by eq. (2). The reason for the narrower distribution that can be seen in Fig. 2 and also in Fig. 5 (see below) may be because actual reinforcement particles have some volume in which overlapping of particles is not possible; this would have a tendency to decrease LN in particle-rich regions and increase LN in particle-deficient regions.
Since LN2D var is less than 7, but the average LNs is close to 8 for a random point field, the measured distribution is not strictly equal to a random-based Poisson point field; however, these distributions can be assumed to be uniform with a nearrandom distribution.
In the present study, all the samples were found to have a near-random distribution, despite differences in the particle volume fraction. This can be attributed to two main effects: the RPS ratio of the powders, and the processing method for mixing the powder. First, a more-random distribution was achieved by using a lower RPS ratio for all the samples, as this governed the clustering tendency of the composite. 12, 13) Secondly, all the samples are wet blended after ultrasonica- tion, which produces a more uniform random distribution than does a dry blending method. Figure 3 shows the tensile properties, such as the flow stress (" ¼ 0:06), UTS and elongation, of composites having different volume fractions of reinforcement particles. As shown in this figure, the flow stress and UTS increased with increasing volume fraction of reinforcement, whereas the elongation decreased with increasing volume fraction. Hong et al. 29) demonstrated that the tensile strength decreases with increasing volume fraction, and they attributed this result to an increase in particle clustering of SiC. In our experiments, because the spatial distribution of the reinforcement particles was close to a random distribution for all the samples, the volume fraction of SiC particulates had a significant effect on the tensile properties of the composites, and the strength increased with increasing volume fraction. However, the rate of increase of the UTS slightly decreased with increasing volume fraction of the SiC particles. This is due mainly to an associated effect on particle damage and its evolution, which we will discuss in detail in the next section.
28)
Tensile properties
Particle damage and evolution
Two damage mechanisms have been observed in composites during plastic deformation. 10, 30) At low temperatures, high strain rates, and for smaller particles, delamination takes place at the interface between the matrix and the particles, leading to microcrack formation, whereas at higher temperatures, lower strain rates, and for larger particles, particle fracture results in a microcavity that elongates with further plastic deformation. To determine the failure mechanism of the current composite, unloaded specimens, specimens during tensile tests, and fractured specimens were cut longitudinally and examined by SEM. Figure 4 , which is a high-magnification picture of the composite reinforced with 10% of SiC particles taken after tensile deformation, clearly shows that many particles failed by delamination at the particle-matrix interface, whereas particle fracture cannot be clearly observed.
Figures 5(a) to (d) show the relative frequencies of LN2D for all particles and for particles delaminated during tensile deformation for all four samples. The theoretical distribution of all the particles was calculated by means of eq. (2) and approximated to be uniform-random, although the experimental frequency curves of all the particles were narrower than those expected for the Poisson point field. The reason for the narrower distribution is discussed above (section 3.1).
When particles show a clustered distribution in twodimensional space, but are randomly distributed in the clustered region, the relative frequency curve is expressed by a single Poisson random distribution. Under these circumstances, the relative frequency curve shifts from smaller to a larger LN, and larger values of the average and variance of the LN are obtained. This is represented by the following equation with > 7.
Here, the average and variance of LN for the delaminated particles are equal to þ 1 and , respectively. In Fig. 5 , it can be clearly seen that the LN curves of the delaminated particles approximate to the random distribution in the clustering region and shift to the larger LN than the distribution of all particles. This means that particle delamination occurs more readily in regions of higher particle clustering. Figure 6 presents LN2D d,av for the four reinforced samples as a function of the plastic strain. The LN2D d,av increases with increasing strain. The average LN of the delaminated particles as a function of plastic strain ("), LN2D d,av ("), is assumed to follow a linear relationship, and the experimental results were fitted to the following equation,
where a and b are the fitting parameters shown in Fig. 6 . The figure also shows that the LN of delaminated particles increases with the volume fraction of reinforcement at any given value of the strain. Larger strain and stress concentrations may occur in the matrix region where the particles were more closely clustered. Nucleation by voids at the interface seems to occur more frequently in the clustered regions as a result of the larger stress concentrations induced in the elastic particles and the larger stress and strain concentrations in the plastic matrix for samples with larger volume fractions of reinforcement. Figure 7 shows that the NF of delaminated particles, f nd , for each sample is dependent on the strain. The value of f nd increases with increasing plastic strain. The NF of delaminated particles conforms to an exponential function 31) of the plastic strain, ", and the experimental results fitted the following equation,
where f nd0 is the NF of damaged particles before tensile deformation. The fitting parameters, f nd0 and p, are also shown in Fig. 7 . LN2D d,av in Fig. 6 and f nd in Fig. 7 at " ¼ 0 represent the values for the as-sintered sample. In the as-sintered sample, voids at the interface caused by sintering defects were more easily created in the clustered region for composites with a higher volume fraction of reinforcement. The amount of the smallest Al powder particles decreased with increasing volume fraction of SiC particles, as shown in Table 2 . This might create sintering defects more easily in the clustered regions, since the amount of smaller Al particles was then insufficient to fill the spaces between the larger particles (SiC-SiC and Al-SiC) in the clustered region. Figure 8 shows the average particle size of the delaminated particles, d d,av , during tensile deformation. It can be seen that the average size of delaminated particles at lower strains is larger than that at higher strains. The probability of delaminating at the interface may increase with increasing particle size, mainly because larger particles contain a greater population of surface defects than do smaller particles. This is consistent with other studies 21) that have shown a size dependence of the damage-accumulation rate for particle breaking in the larger particle-size range.
For comparison with the distribution of all particles in Fig. 9(a) , the distributions of LN and size of the delaminated particles at parts distant from the fracture surface in the 10 vol% sample after tensile deformation are presented in Fig. 9(b) . These figures show that the LN-size plots of the delaminated particles shift to the upper-right corner for all the particles. Figure 9 (c) also shows that the LN-size plots of the delaminated particles extend to the right-lower corner with increasing strain.
One important point to note from Fig. 6 and Fig. 9 (c) is that particle damage does not take place in the most clustered region initially, but increases with increasing strain. As shown in the experimental results, the damage process is sensitive to both the size and distribution of the particles, and it may be controlled by competition between the two effects. If we assume that particles having the same size distribution are dispersed in both particle-deficient and particle-rich regions, the effect of the particle size may be stronger for the initiation of particle delamination at the beginning of the deformation. At larger strains, the damage process is likely to be controlled by the spatial distribution of the reinforced particles.
Discussion
Flow behavior without particle damage
The first step in developing a model to describe the strainhardening rate in the composite is to consider a constitutive law for the matrix. The matrix stress, m , is exhibited as a power-law hardening behavior and can be described by an empirical equation.
0 is the yield stress of the matrix, taken to be 103 MPa from the experimental results for Sample 1 shown in Table 2 . The effect of the matrix particle size on the yield stress was assumed to be negligible, since the average matrix particle sizes for all the samples were almost the same. The two constants, C and n, describing the strain-hardening behavior were fitted to the experimental results for Sample 1 to give values of 148 MPa and 0.37, respectively. For composites reinforced with SiC particles, the plastic strain can only be applied in the matrix. Previous research 32) has shown that the arrangement and the spacing of the reinforcement phase controls the deformation of the matrix. For composites containing less than 20 vol% of reinforcement, it has been shown that modification of the strain in the matrix gives a reasonable value for the experimental results. Thus, for all composites with near-randomly distributed particles, the matrix stress of the composite is assumed to be expressed by the following equation.
In the case of no particle damage, a localized plastic deformation zone with greater strain hardening occurs near the particles, and this causes the local higher flow stress. 33, 34) This is also shown in the finite element calculations 35) that predict that the stress in the particles is a simple multiple of the matrix stress after a transition of 1-2% strain:
where k is the stress amplification factor, which depends on the volume fraction of the particles, V p , the strain-hardening exponent, n, and the elastic/plastic mismatch between the matrix and the particles, E p =E m . The value of k is considered to include effects of elastic stress in particles and locally concentrated plastic deformation stress in more-strain-hardened regions adjacent to the strengthening particles.
From eqs. (7) and (8), the flow stress in the case of a homogeneous distribution of reinforcement particles is represented by the following equation,
4.2 Flow behavior with particle damage A useful way of considering the overall flow stress of a composite, c , in the presence of particle damage is by using a simple rule of mixture.
36)
where Dð"Þ is the damage parameter. The overall strainhardening rate of the composite is then given by the derivative of eq. (10) with respect to strain.
As shown in Section 3.3, larger reinforcement particles in more-clustered regions were easily delaminated from the matrix. It is therefore incorrect to evaluate the particledamage tendency by considering only the NF of the delaminated particles; the spatial distribution of the delaminated particles should also be taken into consideration under these conditions. The above model, which is used mainly in the case of particle cracking, uses the NF of damaged particles as the damage parameter. This seems to be inappropriate for particle/matrix delamination, because the stress-relieved region for this case may represent more than the particle itself. Under these conditions, a cohesive model is frequently used to quantify damage behavior. 5) In the present research, the total area fraction of delaminated particles can be expressed as the NF of delaminated particles, f nd ð"Þ, multiplied by the local volume fraction of particles, V p (¼ A p ). The damage parameter, Dð"Þ, can then be expressed by means of the following equation, which introduces the stress-relief parameter, q.
The parameter q is the apparent volume ratio of the stressrelieved region to that of delaminated particles. If all stresses in a particle to be delaminated and local concentrated stress due to the particle in the matrix are relieved, q ¼ 1; if some of the stress is relieved, q < 1. The stress carried by the delaminated particles before delamination, pd , then can be expressed by the following equation.
Here, c md is the stress in the matrix surrounding the particle to be delaminated, taking into consideration the effect of the clustering tendency of the delaminated particle, and k d is the stress amplification factor for the delaminated particle. To represent the increase in particle number density for the group of clustered delaminated particles, the clustering coefficient, c d , is calculated by means of the following equation, which involves the ratio of the average LN of the delaminated particles group to the average LN of 8 for a Poisson point field with a uniform random spatial distribution, as in eq. (2).
Because the NF of the delaminated particles group is considered to be c d V p , c md can be represented by the following equation.
The flow stress of the composite, c , can be described by a simple rule of mixture, taking into consideration the damage to the second-phase particles.
The composite flow stress is made up of the flow stress of the matrix and all particles before delamination, and the negative effect of the delaminated particles. The difference between eqs. (16) and (10) arises mostly from the definition of Dð"Þ, the area fraction of the stress-relief region in eq. (16), as compared with the NF of delaminated particles in eq. (10) . The strain-hardening behavior, d c =d", can be calculated from the derivative of eq. (16) with respect to strain.
The first two terms of the equation show the strainhardening rate where damage is not allowed to evolve with the strain, whereas the third and the fourth terms represent the negative effects of particle damage and the damage accumulation rate on the strain-hardening behavior. By using the current results for the strain-hardening rate of the matrix and the damage accumulation rate of the composite, the strainhardening rate of the composites can be conveniently calculated.
The relationship between c and d c =d" at the instability is described by the following equation. The intersection of the two curves represents the beginning of the tensile instability.
Estimation of q and k
In the current research, the flow stress is calculated by inserting eqs. (5), (7), (8), (12), (13), (14), and (15) into eq. (16) .
The two parameters, k and q, defined in Section 4.2, were determined by fitting the theoretically calculated flow stress to the experimental results by using multiple regression analysis, as described in Fig. 10 . First, assuming that k ¼ k d ð"Þ, the flow stress of the composite can be written as c ¼ kx 1 þ kqx 2 þ x 0 . The resulting value of k for each sample from step 1 is approximated by a linear function with V p . Thus, k and k d ð"Þ were expressed by a linear function in step 2. Subsequently, the value of q for each sample in step 3 and the constants g and h in step 4 were obtained directly by fitting with the experimental results. The unique reliable values of g and h were determined to be 5.424 and 2.577, respectively, by repeating the last three steps until the variation of g and h from a previous iteration was less than 10 À3 . Here, x 1 , x 2 , x 0 , x 1 0 , x 0 0 , x 1 00 , x 2 00 and x 0 00 are constants that can be directly obtained by contrast with eq. (19) . Figure 11 shows the calculated value of k. The value of k increases with increasing volume fraction from 2.85 to 3.66. It has been shown previously 35) that k is in the range 2.5-4, for ellipsoidal particles with an aspect ratio of $2, in good agreement with our experimental value. On the other hand, the value of q is less than 1 and decreases with increasing SiC volume fraction. The current results represent only a part of the stress in the particles, and some stress on the local strainhardening matrix is relieved during deformation. In most cases, the number of delaminations does not correspond to the number of delaminated particles. Figure 11 also shows that the number ratio of delaminations to delaminated particles measured at " in =2 (where " in is the instability strain), N d =N dp , decreases with increasing SiC volume fraction. Several delaminated particles share one delamination especially at higher volume fraction, because, as a result of the decrease in inter-particle spacing, delaminations occur more readily where particles are packed close to each other, as shown in Fig. 4 . This means that the stress-relief areas overlap, and the relieved stress shared by one particle becomes smaller, corresponding to a reduction in the relieved stress for particles as the volume fraction increases. Thus, the value of q, the apparent volume ratio of the stress-relieved region for each particle, may decrease with increasing volume fraction. Figures 12(a) and 12(b) show the results for the flow stress Step 1
Step 2
Step 3
and strain-hardening rate curve calculated by using the model along with the results of the experimental properties before instability strain. Most of the predicted flow stress and strainhardening curve in the presence of damage is close to the experimental curve. The intersection of the calculated strainhardening rate and the flow stress represents the beginning of the calculated tensile instability. It can be seen that the calculated instability strain is a good approximation of the experimental strain. These figures also show a comparison between the tensile flow stress and the strain-hardening rate from the model represented by eqs. (10) and (11) . The k values used in this case are equal to 2.75, 3.25, 3.5, and 3.85, corresponding to the samples reinforced with 5, 10, 15, and 20 vol%, respectively, of particles, for best fitting of flow stresses using these equations. The calculated onset of instability in the current model is considerably improved compared with the previous model, mainly because of competition between the effects of the relieved stress of the delaminated particles and the spatial distribution of the delaminated particles. The stress-relief parameter was less than 1 in the current model, but was equal to 1 in the previous model. Thus the damage parameter calculated by eq. (12) in the current model was much lower than that obtained from the previous model. Moreover, for most of the samples, the k value used in the previous model was higher than that in the current model, although the stress amplification factor for the spatial delaminated particles used in the current research was a function of c d ð"ÞV p and k d ð"Þ > k, whereas k d ð"Þ ¼ k in the previous model. To sum up, k and q are two critical parameters that affect the flow and strain-hardening behavior of the composites in the current model.
Conclusions
In this investigation, the effects of the spatial distribution of reinforcing elements during tensile deformation and their relation to the tensile properties were studied in an Al matrix reinforced with various volume fractions of SiC particles. A distribution parameter, the two-dimensional local number (LN2D), was simple and appropriate for characterizing the clustering tendency of second-phase particles in the composites. Particle/matrix interface delamination occurred readily and preferentially for larger particles in the more-clustered region during tensile deformation. The tensile stress increased with increasing volume fraction of SiC particles, whereas the rate of increase decreased with increasing NF of the delaminated particles. The clustering tendency of the delaminated particles increased with increasing volume fraction of SiC particles.
The degree of damage in the composite was determined by stress relief through particle damage during tensile deformation. A simple model based on the rule of mixtures was developed to assist in understanding the experimental flow and strain-hardening behavior. Not only the NF of delaminated particles, but also their clustering tendency had a strong effect on the deformation behavior of the composites. The calculated results were found to be in better agreement with the experimental results than were those of a previous model. Fig. 11 Effect of particle volume fraction on the stress amplification factor, k, the stress-relief parameter, q, and the delamination number ratio, N d =N dp .
